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Tue vurpose of this vaper is not to present new date on the pressure 
losses due to bends and changes of area in mine openings through whicn air 
flows, but rather to corrclate existing data, determined nainly on small duct 
systems and expressed in a variety of vays, according to uniform met%ods that 
facilijate their use in pressure-loss computations. These are required in such 
air-floz problems as determining the quantity that vill flor throvgh mine oven- 
ings under a tertain pressure difference or, conversely, the pressure differ- 
ence that will be Beane to maintain a.certain rate of flow, 


alr flowing through acces: ae as. mine airnays, encounters resistance to 
flow die to interference of the individual air streams vith each other caused by 
the rall surfaces. The result is that part of the kinetic enercy of the flor- 
ing stream is converted to heat: and constant reneval of the kinetic enersy from 
the total energy of the flow is required .to maintain it. This process manifests 
itself oy e decrease of tue total pressure (static pressure plus velocit; 
pressure) of tie air in tne direction of flow; in order that flow may occur, 
there mst necessarily. be.a difference in total pressure between the tro ends 
of the alrvay eqiivalent to the pressure losses occesioned by the flow; doses 
autouatically adjusts tae in meznitude to the pressure difference imaintained. 


‘Pressure losses may. ce divided into two senare +e typés, accorcing to tueir 
mode of origin: "Friction" pressure losses caused by the draz of the ralls or 
the air stream, which are dependent primarily on tue condition of roughness of 
the individual wall surfaces; and "shock" pressure losses caused vy clenzes in 
the area occupied by the air streaa as affected by either deflection frou a 
Straight line or by chanses of area of the airway, which are depencent primarily 
on the relative positions of the individual vall sarfacés with respect to tie 
lines of flow, ge ae ne , oe we 


l Tie Bureau of Mines wild ic weleaie Ser of tuis paper, provided tzie 
following footnote. acimonledgment is used:. "Reprinted from U. S. Bir ea. 
of Lines Information Circular 5663." 

< Wining engineer, U. S. Bureeu of Mines. 
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SHOCK PRESSURE LOSSES 


All depertures from the condition of straight airway of uniform cross- 
sectional area result in pressure losses that are here termed "shock" presszré 
losses. This expression has heretofore had a more limited applicatior, bavix 
been reserved for designating the pressure losses accompanying abrunt enlarze- 
ment of the airrey in the direction of flow and dwe to a faster stream exveri- 
ing into a larger area and slover stream. ‘The term has been selected for 
broader application because analyses of experimental results indicate that it 
designates tie mode of action for all pressure losses other than friction 
losses; that is, they are due in all cases to shock loss resulting froma 
faster stream expanding into a slover stream. Although all shock losses my 
be considered as caused by changes in the area actually occupied by the flor, 
it is convenient to divide them into two general classes: Those caused by 
changes in direction of the airway, and those caused by changes of area of 
cross section of the airway. 


General Forma for Shock Pressure Losses 


Shock pressure losses have been found to bear a constant ratio to the 
velocity pressure corresponding to tue mean velocity of flow - absolutely con- 
stant in the case of most conditions of area chan:-¢s, and practically consiaz‘ 
in the case of bends, Tney can be generally De and computed, there- 
fore, by means of the ote formula, 


BOK BH : (1) 


where H is total shock pressure loss in inches of rater, 
Hy is the velocity pressure corresponding to the mean 
velocity of flow, in inches of water, 
and <X is an empirical factor based on experiments and termed 
the "shock factor," _ 


Since 4 and cay are always expressed in th2 sane units and are equally 
affected by air density changes, X is independent of both density anc tne wit 
used, in which respect it differs from the friction factor used in formulas i 
computing friction losses. It is the number of velocity pressures equivalent 
to the shock pressure loss. When it is desired to make a summation of indivi: 
ual shock losses that occur regularly along an airway, it is the nunvoer ‘er 
unit of lengtk, for whica 100 feet will be used throughout this paper. 


SUMMARY OF DATA AVAILABLE ON SHOCK FACTORS 
Tre object of this paper is, therefore, to present the results of an 
examination and analysis of existing data on shocc pressure losses ai bends & 
area changes in terms of shock factors for application to inine airway condi- 
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The examination reveals that, although we have no rationel method of 
computing shock factors for bends, we do have a large number of. Girect determina- 
tions of factors for bends in ducts of uniform area for which the general rela- 
tions are sufficiently ccnsistent to permit their seneral application to bends 
inuine airways of uniform area, The magnitudes of the snock factors .;iven bj 
different sets of test data are so inconsistent, Lovever, due to aonormal flor 
conditions in test installations, that their apolicesion to normal flow conci- 
tions in mine airways is sutject to.a large degree of approximation. “o rational 
method of computing factors for bends in airtays of nomaniform areas is available 
and but few directly determined fectors. Unsjymmetrical expansion ia invoived, 
for which we have no law, and the.effect of nonuniform areas on tue dezree of 
_ contraction tnat takes place in-the flow is aiso uncnown, Bends between sec- 

tions of different areas are a very common condition in mine airvay systens, 

but te can not coupute fectors for them rith any cesree of certainty until more 
data are availeble. : | 


For symmetrical area cLanges in rine airways, ve not only have a rational 
method of cemm:iting shock factors for practically e211 of the conditioas en- 
counterec, tut also very good. Bgreenent in the data recuired for ths comrita- 
tions, Eowever, area chanzes in mine airways are rarely s8ymmentricel and, as 
in the case of bends between different. areas, we Lave no rational <setuod of cc 
puting the shock factors for nonsymmetrical area chsnzes and we ave only a fer 
directly cete7mined shock factors for such conditions. Unsymmetrical exofnsion 
is also‘invo.ved in this case, and the effect of leck of symmetry on contrac- 
tion factors is also unimromm. Wie can not commute ssoclt factors for unsym.etri- 
cal area changes in mine eirways with any degree of certainty, trerefore, until 
more date, are available. — i, 


apparently,-the standard fornmle for shock ioss applies only to conditions 
of symmetrical exvension around the rhole perimeter of tue air strean and does 
hot apply to conditions of unsymmetrical expansion, although it has elve;s been 
&éssumed to hold for unsymaetrical corditions without, to the author's knorledze, 
any theory or test results to confirm the assumption. Until ve have a verified 
formala for computing skocic losses due to unsymmetrical expgnsion, ve vill heave 
to be satisfied with direc* determinations of snoc’cs factors limited in aonlica- 
tion to the exact conditions of the test installation. It is possitle tuat a 
fer comparatively simple tests would reveal the desired law, or that it isay Le 
deduced from available test results; also, it appears probable that it will we 
found to be conriected to the lew for snock loss for symmetrical expension 
through some simple function of the proportional part of the perimeter involved 
in the unsymmetrical expansion and that contraction coefficients will also be 
found to be similerly related. oe : 


Shock Factors in Terms of Friction Factors an<. icuivalent Lenztis 
ae Friction pressure losses are of major importance in almost eny air-flow 
yeétem; the conmon disposition, therefore, has been to compute tie suock losses 


W 
ects the friction losses by meens of various conventions of a <s,reater or less 
éree of approximateness. This procedure may ce justified for duct systems 
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in which the shock losses are relatively unimportant and tne wall conditions 
are very uniform, but a more exact procedure is desirable for mine airway 
systems in which the snock losses are relatively important and the vali conii- 
tions are rarely uniforn. 


Stock losses nave been found to be depenaent on tue relative posi tiors 0? 
the wall surfaces and incevendert of the degree of roughness of the surfaces, 
Yor tais rez.son they can nt be cormputed correctly as friction pressure losses, 
although methods for obtaining aoprox ugh accuracy over @ liuwited rane of cc- 
ditions are availabcle. ba tepie™ | e4 


ay of tig data available on shock losses are’ expreusad in terms designed 
to facilitate their computation as friction losses - tnat is, as increuents to 
tne friction factor or as equivalent lengtns a Brrrey, eee in feet or 
diameters, — 


It is therefore cGesiratle to develop the formmlas required for obtaininz 
suock factors for shock pressuré losses expressed in tnuese forms. 


a standard formula for computing friction pressure losses is 


Ups EPBYe - - (2) 
7 5.2.8 0,075 (ee 


vnere Ep § is ‘Soul friction Breewane does: iy inches of water, | | , 

. KK is an empirical factor for air having a density of 0.075 ound 
per cubic foot ard termed the "friction sectons: 

is perimeter of cross section in feet, : _ 

is lengtzx in feet, 

is mean velocity of flow in feet per minute, 

is weigat of air in pounds per cubic foot, 

is area of: cross. ection in square feet. 


é —. 


ana 
rm stendard: formla for wai velocity: pressure is 


Hy = 0.06 831 T 4 (3 


. fees 


vnere Hy, V, end d have the same cdésignations as before, 

Increments to Friction Factor.- Shock losses that are regularly interniti 
Gre commited along vita the friction losses by increasing the friction factor 
used enough to make the result of the eee cover tne total of both tyne 
of pressure losses. 
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If K' denotes the friction factor estimated s0 as to include a shock 
pressure loss of X velocity pressures imposed upon each 100 feet of an airway 
for waich tie strictly. friction pressure loss is that corresponding to a fric- 
tion factor kh, then K' = KE + k, where k is the increment to the normal friction 
factor required for including the shoci pressure loss. Ey transposing (2) and 
. expressing, velocity in terms of velocity pressure from (3), we uave, for the in- 

creuent to K at standerd air cens: ty conditions of 9. 07> pound per cubic foot, 


- X H, 9. 207 5.2 75 
= EA ek eT Ye Sere Mc ae wots a (4) 
LPVWd>. LOO F d =a P ote 
a7 en. : - 0.0 631 d ee | at 


The increments to K tims var; directly as the __82e@ ratio and, since 
pverineter 

this ratio is largely a matter of the actual size of the airway, tne variation 
in increments for constant velues of ik per 100 feet is lerge. For a 6-inch 
circle or square the a/P ratio is 0.125, for a 6-fcot circle or scuare it is 
1.5, and for a 20-foot circle or square it is 5.0. However, tie a/P r2tios for 
mine airways of tne. sizes normally eacountered range. only from aboub 1.0 to 2.0, 
rith an average of govroximately 1.5, for whict. the increz:ent to the friction 
factor is adout 0.0°5 times X per 100 feet of. airway. Compared to tue normal 
friction factars, the increments are relatively small for rough-walled ine air- 
Tavs and the values of X availeble ofter but an ancroximateé degree of selection, 
50 that the possitie accuracy ot results of calculations is little affected ody 
tails. rethod of computing siiock losses if it is limited to the ordinary rane of 
sizes of mine airways. Yor more accurate results, and for airways or ducts that 
cdo not fall within this area range, tke shock losses shuvld be separately com- 
puted, or, if computed by use of the friction loss formula, tne iucrements to 
the normal values of K oe correspond to the actual a/P ratios. 


iuiestané Length in Feet.- In commiting the total pressure loss by means 
of the friction formula shocls losses thet are strictly local are allored for by 
arbitrarily increasing the len: tz over tie ectual lengti. a sufficient a:ioant to 
mike tue result agree vith tie total of toth trpee of pressure loss. . Tie in- 
crement in length required is often given in terms of tue ea eeneny muber ot 
dlaneters rather Raa dir aed in feet. , 


The expregslon of snock ranaee in ees or eaiverene feet. of airway re- 
Guires thet the‘actual length of airvey ve increased by « length, L, tuat vould 
have a friction loss equivalent to the shock lags XH,, the length used for 
computation in the friction loss forwala being tne actual length plus L. fy 
transposing the friction formla and expressing velocity in terms of velocity 
Pressure, we have, for the increment L at standard pir density, 


Le X Hy-5.2 & 0,075. ~ ABy 5.2 A 0.075 - 0.08 Ay (8) 
KkPW 4 KP @ Ey KP 
0.0°831 da 
190 ah, 3 = sae 
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Since the equivalent venwth in feet varies both directly as the perimeter 
ratio and inversely as the friction factor, the range of increments for constezt 
values of + is sa large that approximate accuracy of direct application of test 
data is possible only for a very limited range of values of K and a/P. for tie 
limited range of averece mine airway conditions, the equivalent length in feet 
varies from about 300 X to as oe oe 

Eq: igetient pete ‘in Disneber .~ The expression of shock losses in terns 
of equivalent diameters of airway or duct merely means that the increment of 
length, L, is divided by the diameter, D. The ratio a/P can also be a a 
in terms of the diameter,..D, .thus: . = : : 


pie | a 
ee ees , +6) 


P WD 4 | ae 
‘Dividing (5) through by D and substituting D/4 for a/P, we have, 


0.05324 Ay 0.09324 _D x = 
| de ee ae K4 _Q,.0 81 x (7) 


D Po cag De ke ; 


Equivalent diem, = 2 = 


The ecvivelent number of diameters is thus inceventent of the a/P ratio ea 
for constant siock factors, varies inversely as the friction factor. The renze 
of direct application of test data is therefore limited only to corresponding 
- degrees of roughness of airway, or duct. Such an expression of snrock losses is 
tnerefore useful in those fields of ventilation there ducts of approximately 
uniform concitions of roughness are the only airwe:s involved, out it is not 
‘applicable to mine ventilation conditions of. very variable conditions of rough- 
ness, as expressed by friction factors ranging from O. 0&20 to: 0.0°20 for condi- 
- tions commonly encountered, and for which the equiv alent ereree may vary ira 
about ae X to 4 X., ae ee 


aonweneton Chart.- a graphic chart for converting. shock factors to ecuiva- 
lent increments to friction factor or length, or vice versa, is presented in 
Figure 1. Slide-rule computations, based.on formulas (4), (5), and ¢7) are tx 
most simple and rapid means of a a ee but une a offers a raric 
independent Cneer: of results. | 


“The chart appears complex. ecauae hnee? charts have: been combined into cre 
but it is easily used, offering simply a'-graphic method: of performin; tre: 
miltiplications and divisions designated by the three formulas, with tre scales 
of values arranged’ to. correspond, - The solutions of three examples -. tue conver 
sion of X to k, L and # for a particular. set of conditions — are sxom on txe 
chart by dotted lines, with arrovs to shov the methods of procedure. Tnese ere 
also shown by the three thumb-nail ‘sketches in the lower right-hand corner of 
the chart. Although separate scales of A (area) and P (perimeter) are provided 
for the graphic determination of the 5 ratio, the latter appears as a separate 
scale wiich can be used directly with approximate accuracy by means of the 
parallel scale of equivalent D's, or size of equivalent circles or squares. 
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In the examples solved A = 60 square feet, P = 40 feet, K = 0.01 
and X = 0.5. Corresponding values of x, L and L/D. are determined from the chert 
to be 0. 08243, 24,3 feet, and 4.05 diameters respectively. 


Stock Factors for Bonde 


The effects of deflections from a straight line are important in tueir 
effect on mine airway pressure losses, since absolutely straight airways, except 
in the particular case of shafts, are the exception ratner than the rule. Tie 
normal averege variation of the exact center of successive sections from the 
straight line averaging such points - tnat is, the average irregularity (align- 
ment in the case of timber-lined airways) of so-called "straight" sections - 
should properly be included in this class of losses, but the effects are small 
and not separable from the friction pressure losses with which they ure alrays 
included in cetermining the range between minimum and maximum values of friction 
factors for clean, straight airways, 


It is imoortant to note that the angle of a bend is the angle througn wnoich 
the air is deflected - that is, 180° minus the angle as conmonly desi-snated; 
thus airways joined at a 135° angle produce a 45° bend. 


Many conditions of the air flow, such as velocity, area, aensity and 
viscosity, vuich have been found to affect the constancy of friction factors to 
@ greater or less cezree dependent on the range oF conditions considered, have 
somewhat similar effects on the constancy of suocs factors for bend losses, but 
the effects are so small, in comparison with the uncertainty of application of 
existing data to the poeeonsee conditions presented vy mine airways, tnat they 
will. be. PEnORS here. 


flov Conditions at Bends 


Experimental determinations of shock losses at bends indicate that the air 
crowds to the far side of the bend and occupies less tnan the full area available 
at the departure end of the bend; and that the excess of oressure loss, over 
that cue to friction as determined by the rubbing: surface, is a s::ock loss cue 
to abrupt one-sided expansion from this contractec area to the fvll area follov- 
ing the bend, as pictured in Figure 2, The degree of contraction in the area 
occupied by the flow ut the departure end of the bend is anrarently cetcrmined 
not only ty the position of the ralls of the airwey throughout the bend, but 
also by the distribution of velocities over the cross section at entrance to 
the bend. ‘Tbe expansion is made at a small angle ani tnus takes place over a 
considerable length of airwey downstream of the bend, depending on tue degree 
of contraction preceding the ez.pansion; and taroughovt this section not only 
are static pressure measurements unreliable, but the averare velocity pressure 
can not be detérmined from area and quantity data, since the’ air stream does 
not occupy all of the cross section of the’airway, ‘Where expansion takes nlace 
from the contracted stream direct to tne atmosphere, as from ar elbow on the 
end of a duct, the shock loss is much larger than thet for abrupt expansion to 
the airway area only on account of tue greater difference in the velocities in- 
volved, The ratio of the shock losses for these tro conditions of installation 
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-of the same bends is reported to be nractically constant regardless of tue tre 
of bend; various sets of tests give figures (not corrected for included fric- 
tion losses) ranging from 55 to 67 per cent for the loss with followin: cuct iz 
terms of the loss without. following duct. This difference of snock pressure 
losses for the two different .conditions of ‘installation is often explained as 
due to "conversion" of pressure following the’ bend, thereas it results only te- 
cause of the difference in conditions of sheck loss. 


The avrupt exnansion in the area occupied by confined flow following a 
bend is not symmetrical but one-sided, or at least affects but part of the 
perimeter of the section, ana the standard formmla for shock loss - as equal tc 
the velocity pressure corresponding to the difference of tne velocities iivolve 
- apparently does not apply. Eowever, it is a simple matter to determine the 
shock loss directly by test and express it in terms of velocity vressures, or 
‘shock factors, 


In wine airways, the area following the bend is rarely the same as the 
area vreceding the bend, a condition that affects the desree of contraction a:: 
the snock loss. In order to calculate the shock losses for such conditions it 
is needful to know not only the effect of nonuniform area conditions on tie cc: 
traction coefficient, or ratio of contracted area to area at entrance, dut als 
a formula for the stock loss due to unsymmetrical expansion. Until we have 
these data, the calculation of pressure losses for bends in airways of non- 
uniform area must te approximate at best. With few exceptions, therefore, ou 
data on shock factors for Peres. are limited to eenceesen of uniform area of 
cross section. 


SERS ES Ne Crookedness, and Curvature 


Mine airways often include numerous small Beaae. and curves, involving de- 
flections of 30° or less, and are termed "sinuous," "crooked," or "curved," as 
the case may be. Drifts following a vein and alternately turning one way arc 
then the other may be "sinuous" if largely comoosea of short curved sections 
- or "crooked" if of short straight sections. Wnere the deflections are approzi 
mately constant: ‘and in the. same. direction, there are "cortinuous curves" or 
"turns." The ‘conditions are usually very irregular and the individual shocl: 
pressure. losses are so small as to defy calculation, but a very rough appro::1- 
ites may be made of the combined. shock losses from existing data}, as follo: 

Slight. aurea: X =. 0. 2 per 100 feet... A Devueendiie curve, @ scart 
bend of about 15° deflection, or a wall- line (close to the center line, 
where they occur separately and not oftener than once every 100 feet; or, 

a small-radius curve, a sharp bend of about. 30° deflection, or a wall- 

line crossing the center line, were ey occur separately and not often 

er than once every 200 feet. 


—_—-—— 
2 ree ee ee ee em ee ee mee oe 2 ere oe ee meee 


3 McElroy, G | GE E., and Richardson, A. 5.,. Resistance of peleleainc ALTVAYS: 
Bull. 261, Bureau of Mines, 1927, ‘p. 131. | 
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~ Sketch showing general conditions 


Figure 2. 


of fiow at bends in airways 


Double 


Elevation 


Compound 


Rares radius ratio 


ft ma= aspect ratio 


ABC=i= angle of deflection 


Figure 4.— Common types of right-angle bends 


Figure 3.— Sketch defining bend characteristics 
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ioderate degree; X = 0.3 ver 100 feet. Conditions intermediate be- 
tween sligkt and hij:-h degree. 


High degree; X = 0.5 per 100 feet. a contiiuous learse-racius curve, 
- continuous turn of repeated swali deflections of 10° to 16° every 20 to 
30 feet, bends of 2C° to 20° deflection every 50 to 100° feet, or 2 wall- 
line crossing tie center line about every 50 feet. 


The foregoing descriptions are ratiier meager for lack 6% comprehensive 
test data, but they are sufficient to ocermit of anproximate Somputations for 
mine airways, which is avout all that the variable area condi tious of such air- 
ways usually justify. 


Single Right-angle ends 


Deflections of 30°, or ri,kt-angle bends, in ducts are commonly designated 
as elbows, and most of the data available on bend losses are the reszlt of 
laboratory tests* on elvors in siall ducts made under conditions tnat facilitated 
the test worl without necessarily vroducing normal fiov conditions at tne en- — 
trance to tie elbov or commlete expansion of the flow teyond tke elbow; and many 
of the published results include friction losses for four to ten or more’ ) 
diameters of test duct - elbow end following duct of varying length - involved, 
in the test installation. aA few results for right-angle bends in mine airways 
are available, but tuese results ore somewhat uncertain on account of tlie 
variable areas of cirways involved in test zones end the details of the reqvired 
construction. 


Gatun. Panto hk... Ghia UMAG Ae Aten da ee RE ae owe oe ae oa 


4 Harding, Louis A., The Flow of Air in Bez ting and’ Ventilating Ducts: Trans, 
am, Soc, feat. and Veat. Eng., vol. 19, 1613, pp. 219-227, 

Bussey, Frank L., Loss of Fressure Due to Elbovs in the Transmission of Air 
T.rough Pipes or Ducts: Trars. am. Soc. Heat, and Vent. ng., vol. 19, 
1913, »p. 367-376. = ad 

Willard, a. 0., Report on Eudson kKiver Vet:iculer Tunnel Veutilation Invest- 
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prevared Jan., 1l$c2, trt not ruclisned. 
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The common type of bend in mine airways is one, having’ sharp intersections 
of the walls at the inner and outer corners, .a@ condition that gives &@ maximn 
shock pressure loss. Bends in ducts usually have. the inner and outer corners 
rounded on concentric curves because it has been found that the shock loss de- 
creases as the degree of curvaturs is increased. The degree of curvature is 
commonly designated by the ratio of the center line radius to the width in the 
plane of turning, termed the “radius ratio," or R/D in Figure 3. Just as it is 
harder to bend a plank on the wide dimension than on the narrow dimension, so 
it is easier as respects shock loss to have the air flow turn through the larger 
dimension of the airway than through the smaller dimension. In rectangular air- 
ways, tuerefore, the ratio of the side on which turning takes place to tne other 
dimension is termed the "aspect ratio," or W/D in Figure 3, a term borrowed frox 
aeronautics by wirt, whose ene are atout all the ake we nays on this factor 
of bend losses.- - 7 | ata 

4 careful eenatderavien of all the euaiiavic data on the effect of tue 
radius ratio shows an extremely larze variation in the results reported by 
different investizators, which is approximately 100 per cent even after correc- 
tions have been made for included friction pressure losses (X = 0.02 per diam 
eter approximately for smooth ducts) and aspect ratio variations. Analyses of 
test installation conditions reveal causes for many of these seeming incon- 
sistencies but no way of correcting the data to a basis comparable to normal 
air flow cozditions both preceding and following the bend, Jirt's careful pro- 
vision of uniform-velocity distribution at the eltoy entrance,.althouch provided 
to insure accuracy, apparently had the opposite effect and destroyed not only 
the absolute accuracy of his results for application to. normal flo” conditions 
of nonuniform velocity distribution, but even tieir relative value in at least 
one instance. Wirt found that a square outer, cornsr had about 10 per cent less. 
shock loss than @.rounded outer corner and tais fact was widely acclaimed’ in 
the technical press as a startling example of a case where test results refuted 
ordinary reasoning, The result is startling byt aoparently due to the test con- 
dition of uniform velocities at entrance to the elbows since many other tests, 
for normal flow conditions, show that the shock loss for an elbow "itn square 
inner aud outer corners is about 20 per cent greater tuan for one having ‘ square 
inner corner and rounded ovter corner of conventional type; and the bureau's 
tests in coal-mine airways. show that the difference in shock loss for the two 
conditions increases as the radius of the inner corner is increased.: However, 
Wirt's tests developed considerable data on flow conditions in elbovs’and, of 
greater practical importance, the relative effect of the aspect ratio, waica le 
put to imsediate practical application in the development of the "blade" turn, 
a form of elbov in which curved ‘blades inserted in a square-cornered elbow diviée 
the single turn into the equivalent of a series of ee with radius ratios” end 
aspect ratios favorable to low shock losses.) ## . ~ . | 


Effect of Radius Ratio _. 
For the normal type of 90° behd, Figure 4 A, where the inner radius is 
one-half the width less than the center line radius and the outer radius is one- 


half the width greater, the shock loss due to the bend apparently varies in- 
versely as the square of the radius ratio and, for an aspect ratio of one (round 
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or square section), the shock factor for this normal type of rignt-angle bend 


may be taken ag. approximately: re 


ees. | xe - wee 
x = O58 (8) 


where ris tie radius ratio, or R/D in Fig are 3. 


The constant 0.25 is taken as a fair approximation of. the aout reliable 
test results for normal flow conditions in round. end square.airways. Separate 
sets of data indicate constants varying from 9.18 to 0.40. : | 


The minimum velue of r is 0.5 for tne condition of square inner corner end 
an outer redius equal to the width, and zA=1.0. Good results are ootained 
where r = 1.5 and tnere is little practical advantage in exceeding r = 2.9 -- 
that is, a center-line redius. greater than twice the width or diameter, ror the 
Wequaret bend, Figure 4-B, r is also 0.5 where both inner and outer corners are 
square and most orf the test results on.small ducts indicate an increased suiock 
loss over tke normal tyve of rounded outer corner, and a snock factor of about 
X = &£.c0.. Tie bureau's tests on mine airways also snow tnat, as the radius of 
the janer corner increases. wita the outer corner square, the shock loss decreases 
only about as fast as the value of r increases, or that | 


ke ae | . 9 


for this special case of square outer corner (fig ure 4-B), 


For the case of the "crowded" elbow (fig. 4-C) where the outer radius is 
made shorter tuan the normal concentric design - that is, less than one width 
longer than the inner radius - Willard's tests si.ow tnut the pressure loss, 
while still varying inversely as the square of the radius ratio, is larger tnan 
for the normal design; 40 per cent Larger when the outer radius is but. 75 per 
cent of the normal ‘radius concentric vith the inner radius. - ne 3 


‘Tie bureau's tests rith the inner corner : OF the airway. cut. off on a 45° 
bevel and outer corner scuare (fig. 4-D) a common coudition at the top of mine 
air-shafts - show that tne loss is about the same as for a square bend vith a 
radial curve on the inner corner touching the walls at the same points as the 
bevel. <A fev tests on sezmental elbows (fig. 4-E) indicate that the losses can 
be computed on the basis of the epEcuuscE sped radii, with @ small allowence for 
"crowding" on the outer corner. 3 


dien it is desired to reduce the loss ‘ut a bend where a square inner corner 
can not be displaced, a form:of construction based on the fact that the air 
crowds to the outer two-thirds of the bend in turning, «nd termed a "Venturi" 
bend, may be used. as shown in Figure 4F, the area at the bend is smoothly 
reduced to atout two-thirds, and is gradually brought.back to-normal area follow- 
ing the bend. According to Bussey, tunis form was suggested by Konrad Meier in 
kis book "Mechanics of Heating and Ventilating." It has been the subject of a 
number of tests wnich indicate that the losses are aporoximately equivalent to 
those for a4 normal bend with a radius’ratio of abovt 0.8 to 0.9, depending on 
the details of construction. 
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atfect of aspect Ratio 


Wirt's test data give the effect of aspect ratio on shock pressure losses 
for single right-angle elbows in terms of a factor expressing tre relation of 
the loss at other aspect ratios to that vith aspect retio of 1. For ratios 
greater than 1, his data indicate that the skocx factors vary approximately in- 
versely as tke square root of tne aspect ratio. For ratios less than l, iis 
test data snow a rapid departure from the curve exoressing the forezoing re- 
lationship, but considering the letter as 2 possible result of uniform-velocity 
test.conditions it seems best to old to a.sim:le relation between aspect ratio 
and snocx factor until more data are evailable, aad whe effect of aspect ratio 
may be found EESEe neve: ly from tne formla, 


Xia) | (10) 
ya : 


There X! is the shock factor for the same type of bend with an aspect 
ratio of 1 (squere section) | 7 
and ais the aspect ratio, or W/D in Figure 3. 


Bends vith aspect ratios %sreater than 1 have been termed "bucket" beads, 
and those with a ratio less than l, "flat" bends. Bucket bends are alvwaj;s to 
be preferred, but it is a fact that the bend at the tcp of isost mine air-sihafts 
trill de found to be a flat bend rather than a bucket bend, even thouw.b the in- 
crease in power cost in most cases greatly exceeds the daecrease in construction 
cost, e.cept for temporary installations. 


| Effect of Vanes 


a number of tests have been mede in wuten vanes have been installed at 
right-angle bends for reducing the shock loss. Such vanes introduce some re- 
sistance to flov .b; their acded friction surfaces and 9bdstructing edges, bdnt 
act to divide the single bend into a number of separate bends, each deflecting 
@ vroportional part of tue total flow, that have better radius and aspect 
ratios tnan the original single bend; and the net result is decreased shock 
loss, The vanes are commonly installed concentrically to the radius of the 
inner corner, and tests have snown that the test construction for a single vane 
in the normal type of bend is avout one-third of the width from this corner, 
The probable effect of a vane, or vanes, can be rovghly determined by calczvla- 
tion from radius and aspect ravios, out as allowance mist be made for thé in- 
creased losses due to the added rubbing surfaces and obstructions, the test re- 
sults check calculated losses relatively rather than absolutely. 


A good example of the use of vanes in improving radius and aspect ratios 
and thereby reducing the normal loss is the:"blade turn" (fig. 4G) developed 
by Wirt, in which short curved blades are installed centered on the diagonal 
of the turn and divide it into the equivelent of numerous bends with Lign 
‘radius and aspect ratios. With an elbow that had a radius ratio of 0,67 and an 
aspect ratio of 1.0, the installation of 11 short, curved, sheet-metal vanes, 
which divided the turn iato 12 equal segments having radius ratios of 1.5 and 


1¢°O — ~ 12 i 


Google 


I.C. 6663 


aspect ratios of 12, reduced the (abnormally high) shock loss of 0.90 velocity 
pressure (X = 0.90) to 0.22 velocity pressure (X = 0.22). 


The addition of straight extensions, either unstream or downstream, to 
radial vanes has alvays shown an increased loss, in exveriments, over the con- 
dition of radial vanes itnout such extensions. 


Closely-Svaced Right-angle Bends 


Sinca the expansion of the contracted air stream at the departure side of 
a bend takes place over a considerable distance downstream from the bend, it 
is only natural tiat tests on closely spaced bends - vends so close to each 
other tnat the opportunity for full expansion is lacking - should show test re- 
sults differing from those of single bends, as the case actually is. ‘The same 
effect nas been noted in aeronautics and other forms of air flow and is: often 
referred to es the "shielding effect" of one object on another, 


From the tureau's test data on closely-spaced right-angle bends in the 
same plane (Evll. 225, pp. 80-89), it appears tuat where the deflection of 
both bencs is in the same direction the lack of complete exnansion at the first 
bend now only reduces its shock loss below normal, but, by providing uigner 
than norral ve>..citics at the outer corner of tne second bend, also results in 
a lower than ncrual cesree of contraction at the departure from the second bend 
and thus reduccs its shock loss to less than the normal, This combin:tion has 
peen termed a "double" right-angle bend (fig. 4H). 


Where the flow is deflected at the second bend in a direction opposite to 
that of the first bend, the combination is termed a "reverse" bend (fig. 4-I). 
Botn Bussey's and the bureau's test data indicate that woile lack of coinplete 
expansion may reduce the loss at the first bend, that of the second bend is in- 
creased by the higher than normal velocities at its inner corner, vith the re- 
sult thet the total shock loss for a reverse bend is greater than the sum of 
the normals for. both bends. 


The downstream distance required for full expansion is not known, but the 
maximum is probably at least 10 diameters or widths and may be more, and is 
affectec to some extent by; the velocity of flow, Bureau tests in coal-mine 
airways 6 feet high and 9 feet wide with right-angle bends on 50-foot centers 
showed about 2O per cent greater loss for square-cornerea reverse bends than 
for double bends of the sawe tyne, indicating that the e.nansion was still far 
from complete in 4.6 wiaths for that high rate of pressure loss. The same 
series of tests shoved, by rougn segre,-ation of the losses for both bends of 
@ double right angle, that tne distance required for full expansion is material- 
ly decreased as the rate of pressure loss decreases, as ~ovld be expected, 
since the rate of pressure loss is dependent on the degree of contraction. 
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Where two closely spaced ‘bends are not in the same plane, the cozibination 
is referred to as a "compound" vend (fig. 4-J). Here the higher than nornal 
velocities at entrance to the second bend, resulting from incomplete exvansion 
following the first bend, affect Loth inner and outer corners of tue second 
bend equally. Although no complete ‘test data ere availible, it can-be assumed 
that the loss at the first bend would te lover than the normal and thai or tie 
second bend higher than the normal; and that, in all probibility, the total loss 
for the combination would ve ayoroziaately equal to the sum of the normal losses 
for ny two Single bends. | 


rfect of ancle of Def oe 


Few test deta are available for deflections other then 90°. ~ Weisvaci's” 
ratcer meticulous tor ecuere-cornered bends, . 


= = 0.6487 sinc $i +2 047 sin* 2 i, | (11) 


indicates that the suock pressure loss varies practically as the 2. “38 power of 
tie angle of deflection, while tice recent data of Cocke and Statnam’ for square- 
cornered bends indicate that it varies almost exactly as the square of tae 
aagle of deflection; end scaétterad test data also indicate tuat tie square’ 
relation holds. Cooie and Stutham's data on bends naving radius ratios of 
‘ to 4, «nd thus low rates of pressure loss, five variavle relations, byt an 
nualysis anc comoerison of their: dote indicate the strong probability that this 
result is due to inadequete deductions for friction pressire losses. It tiere- 
fore seenis - ‘best to assume that the effect of the angle of deflection on the 
s..0ck- loss may be determined approximately by the formula, 
| ae ; ~. 12 os i : ON. 
Xx = (30) » 5130. 0 xX', (12) 
wuere «a! is the nee factor for a right- sweats bend of the sane 
design, racius ratio, and espect ratio, 
and ‘L.is tne angle of deflection, or: exterior angle of tne 
center lines, in degrees. 


eonetal Powmlas oop Shock ener e for Uniform-Area2 Eends 


Since .we have no reliable data for: the effects of radius ratio and aspect 
ratio for deflections of other than gQ?, we can orly assume that the relative 
effects vould be the same as for $O0° deflections. From the incomplete and in- 
cousistent data nov available, it would avnpear that vest commlete formulas for 
computing approximate shock factors for shock losses die to bends in “uniform 
area mine airways are, 


etna 


Se ee ED OD oe cE. +E. 2 rE. EE EE ae ee men - eee age een eee ces ee eee ge” 


S Peele, Robert, Mining, Engineer's | Hendbook: lst ed., set. York, 1912, 
p. 1031. : 
7? See reference 2. 
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2 , sf 
r° Ya 8100 ? 
for tae normal type of concentric-radii bend, and 
2 | | 
r Ya 8100 


for "square" bends, or bends with a scuare outer corner. These reduce to 


< = 0,25 
x= cS (15) 
and 
x = 0.60_ oo (16) 
Tr ya 


for right-angle tends in rectanguler airways, and to 


a 
and 
r 


for rignt-angle bends in square or round airways. Little is knowm regarding 
the factors for abnormal tynes, altkougn a few such types nave teen discussed 
in this paper under "Effect of Radius Ratio." For the most common type of ab- 
normal bend encountered in mine airways - that where the arezs at entrance and 
departure are unequal - we unfortunately have no test data on whick to base a 
rational method of computing the shock factors for the shock losses. 


Chart for Determining Shock Factors for Bends. 

In Figure 5, & graphic chart is presented for the rapid-.determination of 
shock factors for shock losses due to "normal" and "square" bends in mine air- 
ways of uniform area, This is based on formmlas (13) and (14). The method of 
using the chart is shown by the dotted-line solution of :an example, vith arrovs 
indicating thé direction of procedure. In the example solved in the chart, it 
is shown that, when the radius ratio of a normal bend is 0.6, the angle of de- 
flection 45°, and the aspect ratio 0,5, the shock factor is:0.25. In using the 
chart, it is important to note that the full lines for angle of deflection 
should. be used for the normal type of concentric-radii bend, mueress the dash 
lines shovld be used for bends with square outer corner, 
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Shock Factors for Area Chanzes 


The aree of the cross section of airways or ducts cnanges frequently in 
any ventilating system and eack cuancze:requires the interchange of oressure 
from tie velocity pressure form to txe static pressure form, or vice versa. 
These interchanges are not 100 per cent efficient and some of the total 
pressure of the air stream is lost at each change, the magnitude of the loss 
dependin; primarily on the degree of abruptness of the cnange in area of the 
air stream, which may take place because of changes in the dimensions of the 
airray itself, or because of conditions that cause the air flow temporarily to 
occupy only part of the total area of the airway. 


Tue snock pressure losses caused by area changes have been found to bear 
a constaut ratio to the velocity »ressure; absolutely so for the more abrupt 
changes stci as orifices and practically so for the less abrupt cnanges. For 
tne latter, slight variations, similar to those found with friction factors 
and snock factors for deflections, accompany variations in flow conditions, 
but they are not of sufficient maznitude. to be taken into consideration tere. 


The pressure losses due to the normal average change in area between 
successive sections of an airway should properly te included, or allowed for, 
on a shock pressure loss basis, brt the effects are small and not sepsrzbdle 
fromthe friction losses with which they: have alweys been included in deter-~ 
Iining tse rance betveen the mariwum and minimum values of the friction factors 
for clean straight airways; and there is no doubt tnezt area cuanes have uuch 
to do in deterwining the epEer between maxinmum ‘and minimum values Se to 
friction sp eeOnas ee 7 


Intermittent, obstructions 


Mine airweys often contain: intermittent: sbateicthens that chance tre 
area of cross section uncer conditions there the individual shock losses are 
so small that they practically defy computation and “nere it is more convenient 
to determine directly the average total shock loss per unit of length, wnicn 
the data® available ‘permit with a very rough dezree of. @pproximation, a8 
follovs: : et 7 


Slight degree: a = O.1 per oe ecte trolley box,--water' box, lar-;e 
flanged pipe, occasional small-falls of roof, occasional ‘small 
crossbars, hangers, props, etc. 

Moderate degree: xX = 0.3 per 100 feet; large fan pipes or tubings, 
occasional large crossbars or heavy DEnEeEe apequent small fails, 
occasional constrictions, ete; | 

Hicu dezree: X-= 1.0 per 100 feet; souiuetiens of obstructions 
Given above, large falls, occasional storaze piles of timbers or > 
pipes, closely set crossbars, props or constrictions, etc. 


8 Mcklroy, G. E., and Richardson, A. S., Resistance of Metal Mine airvays: 
Bull, 261, Bureau of Mines, 1927, p. 134. : 
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These values are for average areas determined by subtracting the area 
occupied by the obstruction where tue latter is cciutinuous and of appreciable 
size. For the very high degrees of obstruction occasionally found in wine air- 
ways, it is impossible to set ever anproxinate limits, as tne normal 
cnaracteristics become of minor importance in comparison with tue character- 
istics of the obstructions and each case must be computed by analyzing its 
separate features and separately calculating the friction and shock losses 
involved. 


Formulas for Shocx Factors for Symmetrical Cnanges of area 


Tne available test’ data indicate that the pressure losses for ares clanges 
are practically all due to shock pressure loss caused by a faster stream ex- 
pandirg; into a larger area and slower stream; there appears to be no vercept- 
ible »ressure loss in converging air streams due to the converging itself, but 
the converginz of the air stream causes it to contract beyond the edze of the 
constriction, giving rise to a condition at constrictions in area mow as the 
"vena contrecta," as illustrated in Fissure 6, The area of cross section of 
the air stream is a mininum immediately following tie edge of the constriction, 
and the shock loss is that caused by exnansion from this area to the fi.1l area 
of the following duct with consequent lowering of the velocity and imperfect 
conversion of the difference cf the velocity pressures required by the two. 
areas, 


General Formilas for Abrupt Expansion.- Tlie shock pressure loss occasioned 
by a faster moving stream expanding symmetrically and abruptly to a slower mov- 
ing stream is given in all elementary hydraulics as equivaleat to the velocity 
pressure corresponding to the difference of the two velocities involved. ie 
have no suck general law for unsymmetrical expansion and the following dis- 
cussion will therefore apply only to symmetrical expansion unless otherwise 
pees The shock loss for symmetrical expansion at any density, d, is tiere- 
ore | 


H = 0.06831 a(V, - V,)* 9) 


end at standard-air density of 0,075 pound per cubic foot, is | 


y 


H = 0.07623 (Vo - Ve)? (20} 
Yoere H ig the vressure loss in inches of water 
and V, and V, are the velocities in feet per minute at the 
smaller (contracted) and larger (expanded) areas re- 
spectively. ; are _ be ts : 


Where the actual velocities are xnown, the shock loss may be commuted directly 
from this fommla, but for general vurnoses it is desirable to neve tue loss in 
terns of equivalent velocity pressures, or shock factors, based on actual air- 
way areas or ratios of airway areas. 
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If A, and Ag represent the gpmaller and larger areas, respectively, in- 
volved in the bac con: then, since the quantity of flow is the same at each 
area, we have the relation AgV, = AeVe from which may be obtained 


(Wa Fe. - 1)* v8 (21) 


and 


a 
(Ve - Ve)® = (2 - 32)" VG (22) 


and, with H,, and Hy, representing the velocity pressures corresponding to 
velocities Ve and Vez, respectively, on 


Hs (2 - ea Ye ty | (23) 
and 
. = — 
B= (1 - 32] Eve | —_ (24) 


Where: eh actual areas involved are known, as in simple expansion, ieee: 
formas can be used directly for commuting tne shoekx loss, or shock factors 
may be compatcd from the area ratios; but in the mre general case of expansion 
following contraction, Ag is the area at the "vyeno contracta". and can not be 
measured: directly but must be detenained from -expesimental data, For this 
reason it is desirable to develop more general, formulas ae may be applied in 
all cases, , | > 4 . 


‘Te general: case of nemeaanien following contraction is vepreeented in 
Figure 6, #our areas'are involved: A,, the area preceding the contraction; 
Ao,. tie area, at the contraction or orifice: Bes the area occupied by the air 
flow at the "vena contracta:" and Ae, the area following the contraction, to 
which expansion occurs. If we designate the ratio of air-flow contraction at 
the constricted area by c, usually termed the "coefficient of contraction," 
and the ratio of expansion areas by N,, then : c = Ly and “9 = = Ne. VJsing these 


new designations for area ratios, we have “*O e 
be ae ae 1 ¥ (25) 
Hc CAnp CNe: 2 
and 
Bers C26 5=6 Ne, (26) 
Ae .He - | 
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and, by substituting in (23) and (24), 


a fil = oy 27 
2 1c i. 1) Loe: ( ) 
and 


a 


G-s6 N.)* Bes: | (26) 


Tne latter form is not cirectly usable, since it involves an unknown 
velocity pressure, that at the "vena contracta." hovever, with quantity of 
flow constant, velocity pressures vary inversely ws the square of the areas 
involved, or ratio of areas, and, with H,, denoting the velocity pressure at 
the contracted area Ao, 


2 
= Pe ee pe 3 
Se). Byes (2) 
so, by substitution in (28), _ 


B= (1 - Ny)” (2) Hoe > (2 SNAP tee: (30) 


Althoug:: it is not directly involved in ie. pressure loss, it is often 
convenient to eztpress the oressure loss in terms of the velocity pressure 
correspondin, to the aree, a,, preceding the contraction. If we let N, denote 
the ratio of the contracted erez:. to the area preccding contraction, or “a0, and 
E., the velocity pressure corresponding to the area ag, preceding con- Aa, 
traction, then from the inverse relation of Venere peer to the 
square of the area ratio we have, | 


Hyg = —ye ’ | (31) 


67 


and, by substituting this value of H,, in (30), 


1 _ x)? a —— 
Ho Es (32) 


Cc 


The shock loss is seen to be & constant number of velocity pressures for 
constant conditions and, in terms of velocity pressures correspondin:;; to turee 
different airway areas involved, is 


jee Xe Hoe = Ao vo = Xo lives , (4%) 
Hina Ras. Xo and Xa are the, shock factors. based on the area after exvansion, 
i: © area at the constriction, and the area preceding contraction, or A,, A, and 
3 Tespectively, in Figure 6. Convenience alorfe usually dictates wi:ich faetor 
Ould be used. From (27), (30), and (32) the shock factors are, 


2) 
190 = 1S Re 
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Ao = (ors - 1)? = (34) 

Xo = (h- Ne)*, (38) 

_ _ ~ Be)” . 

and x.. = aaare aa (36) 
| ea, 


for seneral apolication to conditions where the shock loss is due to acrupt 
syumetrical a in the area actually occupied by the flow. 


ES aS EEE ES 


occupied Ly the air strean is gradual and synmetrical, it has been found that 
the shock loss is a constant ratio of that for abrupt’ symmetricel exnansion; 
and the recuired shock factors are. 


ey, (37) 


where. «.' represents tne shock factors for eradnal excoansion corresponding to 
values of » tor abrupt expansion, and y is an empirical-:factor based on e.- 
periments. 


Velues of ¥ very with the included anzle, or slope, of tre walls, and 
values of y, available from experiments, are plotted in Figure 7 against the 
included angle. Tne "Fan Engineering" handbook” data indicate that angles 
greater tian 60° are no vetter than abrupt expansion. These data do-not show, 
however, that the normal angle of symuetrical expansion of air flow ia on 
about 7°, above and below which veliue the shock: loss is increased. Brigg 'st0 
data do bring out this fact, wuich is proved by-a wealth of corroborcting 
experimental data on air flow, and also indicate that conditions of non- 
symmetrical expansion have an effect on the shock loss, since the minimum is 
at 11° instead of 7° for 2-sided e:pansion, and it is probable thet tests for 
one-sided rectangular exoansion world snow a svill higher value for tne opti- 
mum anle of expansion. The values of y plotted in Figure 7 for Briz:gs!', data 
on 2-sided expansion vere derived ,througii the formulas for synmetrical (4- 
sided) expansion and can therefore be used with them, although not with any 
sreat de.ree of certainty. 


Shock losses for gradual expansion depend on N, @s rell as the experi- 
inentally determined values of y, and w, is directly Cpedated to tne slope of 
the sices anc tue length in diameters of the. diverging section, | The reletions 
of slope to included angle, and of I, to length and included angle, are also 
plotted, for convenience, in Figure 7s ae -- 


Q Buffalo ‘Forge Co., Fan sngineering: 2a ea Scale. 1ges, pb. p. 68. | 
10 Brigg 8, aenry, and Williamson, J. N., An Experimental Study ‘of ‘Fan 
Evasees: Trans, Inst. win. Inge, London, vol. 68, Meenas pp. 573-744. 
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contraction, the: coefficient-of contraction, c, is involved. Tuis coefficient, 
‘Since it involves an area, A, (fic. 6), that can not ve measured, umst alvays, 
be calculated. Ags here used, it is a calculated figure determined ty consider- 
ing the total pressure loss at the condition, in excess of the normal friction 
loss, as a shock loss due entirely to symmetrical expansion, as it undoubtedly 
is, and computing the value of ¢ accordingly. Velues of the coefficient of con- 
traction as given by various investi..ctors do not always nave tiiis saje weaning, 
as direct pressure measureuients have sometimes led. to a sezregation oi siock — 
losses 28 occurring both before and after the "vena contracta! Those found | 
preceding the constriction have alvays been so small that tueir actual exist- 
ence is doubtful and, in any event, are included in the loss as deterisined by 
the coefficient of contraction as here used, vhich weeks 1 designates as the 
"virtual" coefficieat of contraction, and which others have termed the 
"coefficient of discharge." | CS 


Contrection Factors.— Tue autnor has founal¢ by an@lyzing the results of 
ais om tests and thuse of others, that, witn otaer conditions constant, there 
is a definite relation between the ratio of contraction areas and the coefficiert 
of contraction, which way be expressed thus: 


Ce ae Se ee) 


aN; 1 
Cc = |—s——3 ’ (38) 
where x, is the ratio of contraction, or #0 in figure 6, 
| | Ap F 
and ~2 is an empirical factor, wuich will be designated as tre 


"contraction factor." 


Values of Z calculated from test data, in waicn-a series of coefficients are 
“lven for use in a particular forma, are usually prectically identical for 

tae middle range of values of Kk, and depart from a. practically uniform value 

only for the extreme ranges of Nj, in which renes experimental accurscy is 

most difficult to obtain. For many of the conditions of contraction encovntered, 
such as orifices in ducts of wniform area, the values of the ratios N, and N_e 
are identical, but such is not always the case, particulorly es respects mine 
airways, | f° 4 | _ ee * 

Values of Z are particularly affected by the edsze condition at tne con- 
stricted area, by tne degree of abruptness of contraction, and by the form of 
contraction as regards symmetry. Practically all of .the data availacle are for 
Symmetrical contractions in Wi.ick the arees of cross section are similar figures 
and centered as respects each otier, and the data‘to be ,»siven are for such 
symmetrical’ layouts sniess othervise stated. 4% fees ' 


ll Weeks, Ww. S., The air Current Regulator: Trans. win, Inst. Min. ANG «5 
Vol. 76, 1928, p. 138. | _ | 


le wewlror , G. E,, Ratio of Opening of Fan Performance: Jvour, Am. soc. Eeet. 
@nd Vent. Eng., vol. 24, 1928, pp. 784-785. — | | 
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abrupt Syiumetrical Contraction.- 1a large amount of data on abrupt and 
gradual contractions and expansions is given in tne handbook "Fan Engineering," 
and includes coefficients and formalegs for various conditions. «analysis of 
these and similar data indicates that there is very good agreement of the Z 
values for abrupt contraction obtained in various sets of tests, particvlerly 
- When test results have been corrected for included friction pressure losses for 
several diaueters of the duct used in the test installations. Minor differences 
are evident wuich may be sufficient to affect tne accuracy of air measurements 
based on static pressure changes, but are not of sufficient magnitude to affect 
seriously the calculation of shock losses for mine «.irways. 


For free contraction to a sharo edge, as at the entrance to a plain open 
pive, 2 éverages 3.80. with a flat surface extending from the sharp ede at 
right angles to the direction of flow, a very common condition revresented by 
mine airway entrances, by atrupt contraction in ducts and airways and oy 
orifice nletes, Z is about 2.5 for ordinary degrees of sharpness as obtained 
with squere-edged plates, although the very sharp edges of thin orifice olates 
used for air incasurenient give a practically constant value of Z of 2.70. The 
eect edge concition has a large influence on the contr:ction factor and for 
tne normal sharp-edges found in mine constructions, which will be referred to 
hereafter as "square" edges, a Z value of 2.5 is at least sufficiently high and 
generally arclicable. If the edze is rounded, the shock loss is greatly re- 
duced, ovt since the edge condition is not susceptivie to rigid specification, 
this form ic not applicable for air measurement, oud there are thercfore fer 
data available for determining average Z values. Yor a well-rounded edge com 
parable to that presented by a rovnd timber in a mine sirway, the value of Z 
is estimated from scanty data as about 1.5, and for lacl. of a better-sub- 
stantiated value, this will be used in determining shock factors for round- 
edged conditions in mine airways. . 


Although definite data are lacking, it seems probable that the sawe 
approximate Z fector of 1.5 can be arplied where the edge is beveled to about 
the same degree - that is, to the extent that tne vend would be circuascribed 
by & quacrant of a similar circular section. Most of the shock factors direct- 
ly available anply to very sharp orifice-edge conditions, but no attempt will 
ce made here to suow shocsx factors for this type of ed;;e condition, since re 
are concerned with pressure losses rather than air measurement. 


Gradual Symmetrical Contraction.- If the contraction in area is made 
gradually instead of abruptly, the degree of contraction of the flow at the 
"vena contracta" is reduced and the shock loss also. . Where the cecrease in 
area is accomplisned at e uniform rate, as in a well-rounded entrance or in 
the "standard" orifice, there is very little contraction of the flow and an 
average value of Z for the test desizus is about 1.05. This form can be con- 
sidered as representing & definite edge condition and will be referred to 
hereafter as & "formed" edge. 


13 See reference 9, pp. 60-72, 
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Figure 8.—Chart of data for gradual symmetrical contraction at 
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For walls converging on a uniform slope, data are evailable only for the 
range of 10° to 20° included angle (Fan Engineering, p. 65) and assumed to be 
‘for a sharp edge. Tne calculated Z values are plotted against included angle 
in Fizure 8, and range from 1.57 for 10° to 1.93 for 209. at 09, Z would be 
1,0 and for abrupt contraction of 180° it would be about 2.5. The slope of 
the curve, however, indicates that the value of 2.5 is probably closely 
approximated somewhere between 45° and 60° and that greater degrees of included 
angle of convergence are no better, as regards shock loss, than abrupt contrac- 
tion, = 


Shock Factors for Symmetrical Area Changes 


Installation conditions may be considered in turee groups for the purpose 
of presenting: data on shock factors: (1) kmtrance ‘to an airway, Ficure 3: 

(2) discharge from an airway to the atmosphere, Figure 10; and (3) within an 
airway, Fizure 11. In discussin., the various shock factors required, it is, 
‘however, more convenient to depart, from this groupine and base the discussion 

on the conditions. of expansion and contraction, Values of the shock factors 
corresovonding to the generally applicable contraction factors of 2.5 for square 
edge, 1.0 for rounded edge, and’ 1.05 for a formed ed;e are tabulated in Table 1 
for conditions such that either Ni, or Ng have fixed values of 1 or 0, or lig = Ne. 


+» AT 


Siiplified Formulas for Fixed Values of No and Ne.- Although the contrac- 
tion factors for a particular type of contraction way be constant, the sock 
factors and pressure losses depend also on the actval values of the area ratios 
‘N. and ue involved in the installetion. Their magnitude depends primarily on 
whether the flow’ expands abruptly or gradually or is contracted abruptly or 
gradually, but the range of required factors depends more particularly on 
whether li, and Ng have variable or fixed values. Tuese values are fixed to a 
large extent by the conditions of the installations, since the relation of the 
&reas corresponding to 4g, Ap and wag in the general case represented by | 
Figure 6 may be such that either N,. or Ne may have fixed values of 1 or 0; and 
although the general formulas, (34) to (38), still apply, they reduce to 
simpler forms. 


shen Ng = 1, that is, when no contraction of tne flow precedes ex»ansion, 
4£andc are also 1, and the general forms reduce to | 


te - i = 1)? (3°) 
he 
and 2 Ko (aa). (40) 
when N, = 1, that is, when contraction is followed by a uniform area, 
i, eg aay “7 (41) 
and (L 1)? 
Kg tg (42) 
| | No ° 
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I.C. 6663 | oe | | | oa: 
When No =.0, thet’ is, when the area preceding contraction is 80 large 

that it may be considered to be infinite in comperison with the contracted 

area, the general form (38) for coefficient, of contraction reduces to - 


| 43) 
that is, the coefficient is constent: for fix ced types of contraction, | 


When Ne = = oO: that is, eee pe cae following tne Code ei es 80 aeees 
that it may be considered to be infinite in’ comperison with the contracted area, 


the general forms reduce to, : oe ee. a a te ae 
ee (1) a ee aa) 
ae | 4 Cc! CC, 2 1” tee 2 ee. 88 ; 
and «4 “ee ‘Xe fe Joere 2 (45) 
| ; - a a i : | 


when both N, ahd ie are 0, as uh discharg;e through a sual] bole in a 
large plate, . voth (43) end (44). apply And, "| : — 
hs 2 a ps ao (48)' 

whens y= 1. and Ne = 0, which is the condition ‘for unrestricted free 
canal from a duct oF Birney y (40); (44), and at reduce to_ 


LP 


Ky = Xp = ae — : (47) 


igeent meeneione Where no Contraction ‘of - tne: flow precedes ane Leeonk 
expansion, ve: have what amounts. to a special cage of application. of tie general 
formulas wiiich. provide for such contraotion, cin ‘Woich the value of : Nor and c 
is 1.0. There are only two common conditio is of installation: In the airway 
(fig. 11-4) where Ng may have any value between 0 and 1, and formulas (39) and. 
(40) apply: and at discharge’ into the etmePnene (fiz, 10-4) where ivi, is a and . 
Xk, = 1, from. (47). 7 ke aa pes 


Gradual a anetons! “ere no ‘oontraction ‘of “the flow precedes eeotuny eX. 
pansion, ve also have what anount s ’ to a special case of application. of | the: 
general formulas wnich provide for ‘guch ‘contraction, since the value of: Nos 
Z and c is 1.0; but the shock factor, from (37), is y times the factor for: 
abrupt expansion as determined from (39) and (40), and y is derived from ~ 
Figure 7 or @ similar source. 

| | , 

Tne moat common onda tien of pare ema is that within the airvay (fig. 
11-3). This form, the diverging connection or transformation, finds an 
important application in reducing pressure, losses in mine airvays by sub- 
stituting gradual expansion for abrapt expansion. The same type of construc- 
tion may: be used at. the discherge end of the airway (fig. 10-B), but gradual 
expansion is then followed by abrupt expansion, and the factors for this com 
bined skock loss are different than for gradual expansion only, although they 
can be combined into single fectors in-terms of the. normal airway area or tue 
area at discharge. This form is-also of great practical impor tance for re- 
ducing the pressure losses at the discharge from mine airway systems, As 
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applied to'a fan discharging to the atmosphere, it is termed an “evasee" dis- 
charge, the main purpose of which is to reduce the velocity at the point where 
abrupt expansion occurs, ihen a fan. with an evasee.is connected to discharge 
into an airway of the same size, abrupt expansion does not occur at tuis 

point, but at the actual discharge from the airway system. 


For practical purposes, it is rarely economical to use a length that will 
make the discharge area more than four times the area at entrance to the 
diverging section, as the reduction in pressure loss for N, ratios less than 
0.25 is almost insignificant. 


Abrupt Oontraction.-~ Abrupt contraction followed by abrupt expansion ie a 
common cause Of pressure loss in mine airways and embraces all three common 
conditions of installation, This is not readily apparent unless it is | 
realized that the areas actually occupied by the flow rather than airway areas 
are the determining factors. The comnon picture of abrupt contraction is that 
rkere a smaller section follows a larger section with abrupt transition in 
areas, as in figure l11-C. Because the smaller area is the same as tne ovening, 
or orifice, the fact that abrupt expansion - from "vena contracta":- to tue 
smaller airway area - follows abrupt contraction is somewhat obscured. Here 
N,=1, and (38), (41), and (42) apply. Unrestricted entrance conditions 
present a quite similar form (figs. 9-a and 9-B), if the area preceding con- 
traction is considered as expanded indefinitely. In addition to the special 
condition of NW, = 1 we also heve the special condition that Ng = 0, so that 
(41) and (43) apply. In Figure 9~A we have the special condition of free con- 
traction to an edge rather than the common condition of contraction against, 
or guided by, a surface. The average value -of a,, as given by numerous test 
data, is 0.90 and represents a Z value of 3.8. The usual value given for the 
flush-surface entrance condition (fig.. 9-B) wiiich corresponds to the standard 
entrance form for mine airways, is X, = 0.47. The corresponding value of Z 
is 2.84, indicating that this value is not only for a very sharp-edged condi- 
tion but probably. also inciudes some friction pressure loss in the test in- 
stallation, A better value for. mine airways is 4, = 0.34, ‘based on Z = 2.5 
for a square edge. With a round, or beveled, edge with a radius,: or bevel, 
approximately equal to the wall thickmess of a lined mine airway, a Z value 
of 1.5 is probably sufficiently high, and X, would be reduced to 0.05, a very 
low figure to be so easily obtained. . 


A restricted entrance, as in Figure 9-C, has only the one spedtals condi- 
tion that hi = 0, from which it follows that the coefficient of pane aaa Cc; 
by (43), is 0.633 for a square edge (Z = 2.5), 0.817 for a round edge ee 15o)'5 
and 0.976 for a formed edge (Z& 1.05). 


Abrupt constrictions at discharge from a duct to the atmosphere ke, 10-C) 
have only the special condition that t Me = 0, so that the special formulas (44) 
and (45) apply. 
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Flow through a small hole in the thin wall of a large cnamver (fiz. 1O-= 
may be considered as a special condition of constricted discharge. Both *, 
ae W. are so small that they can ve considered to be 0, and formula (46), 

Xo = - 3. applies. The values Of it9 for square edge, round edge, and formed 
edge ere therefore 2.5, 1.5, and 1.05, respectively, for mine airway avplice- 
tions. The values usually given ranze from avout 2.7 to 2.8 and are for 
orifice preues: with very sharp edges. 


A seudistctien in an aaa of uniforu area (fig. 11-D) has only tie 
special condition that-N er 80 tuzit no supscript is required for N, but 
the general formulae (34), (38), (36), and (38) apoly. However, the more 
usual condition of actual avplication of a constriction in mine airways wikl 
involve unequal areas and we have the general condition of abrupt. contraction 
followed by abrunt expansion (fig. 11-E) for whicn the general formlas liste 
above are required. For both cases, either tables of values, or graphic char 
are desirable to Suyanre couputations, 


Gradual Contraction.- Assuming that gredual contraction is followed by 
_abruvt expansion from’ the "vena contracta" to the area following contraction 
the flow, the formulas and shock factors given for the vreceding conditions o 
abrupt contraction would be affected only by the decrease in tke normal value 
of Z, witch may be determined roughly from Figure &. For the special conditi: 
of contraction at a uniform rate against a formed surface, as. represented by 
the "standard orifice" in conmon use for air measureient and pictured for 
particular conditions of installation in Figures $-B, 10-C, 10-3, and 11-D, 
there seens to be general agreement on coefficients of contraction tiat give E 
vaiue of Z = 1,05; in other words, there is very little contraction of tie 
flow a.ainst a well-formed surface. This form is particularly useful at the 
entrance to a pipe, where a slight flere reduces. the pressure loss treuendo:s! 
oan where a& well-formed "bellmouth"’ has the insignificant. shock factor of 

= 0. 0006 8s evainst 0. 90° for ah: unflered, sharp edge. 


The more common form of gradual contraction ‘is that where a section of 
the airway converges’ in’ the direction of flov,. anc. maces» a gradual transition 
of areas, The coumon picture is that of ‘a ‘larger section converging on a uni- 
form slope or:sides to a smaller section, as in Figure .11-F. Eere Neg is 1 and 
formulas (38) with Z derived from Figure 8 or a Bimiler source, and (41) appl: 


In mine sirvways, a corstriction that nad been eased off on the anvro2ch: 
side only might tate the form shown in Figure 11-G, for Rhich the general 
formulas are required, with Z values in (387 from Figure 8 or a similar source 

A converging discharge from an airvay (fig. ‘lo-p) has the special condi- 
tion that N, = 0, so that the special forualas (44). and a apply. with c 
frome) using Z from Figure 8. 


a onvencins section used as the Aiuenavee from a chamber cae. 10- B) or 
as entrance to an airvay (Fisure 3-D) actually combines ebrupt contraction 
with gradual contraction. The latter can be separately determined, but Ne is 
indeterminate for the ebrupt ezmansion following the abrupt contraction condi- 
tion at entrance. Test data in Fan Migineering, vages 64-65, for the first 
condition mentioned, indicate that the loss accompanying the abrupt contractix 
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‘at aerance: is rapidly. veauk cal: as the incluced anzle of ‘the ,eeaeeee ine eeeticn 
is increased. Separate graphs are required for each coudition of installation, 
but none are given here as tiiese particular forms of installation of converg- 
ing sectidén have little preolusce. ee + mine fire fe 


Contrection Folloved by Gradvel ig ‘Eenansion.. ~ Titner ¢ ebrupt or sredual con- 
traction may te followed by eradual ie Aes in waiich case the normal factors 
. for abrupt expansion are wiltinlied by y, from Figure 7, according to (37), 

few cases are met in vractice except tae Combine tion Gf ecadual conteec tion: 
folloved by gradual. expansion, This combination allows of a large chance of 
velocities and. pressures Witc out o suall pressure loss and is therefore ex- 
tremely useful in fluid measurement-methods based: on pressure chanzes, The - 
most co.uon form is tne standard "Venturi" (fig. 11-E), although equally good 
resulis WE De obtained vith tue special "Venturi" (fiz, 11-I) in vnicn the 
converging section is replaced. by the.formed surfece, for Which Z may be: taken 
as 1.05. Shoei: factors for tne resulting shock loss, wiich primarily determines 
the cost of tnis form of air mexsurement for securing a continuous record, may 
be computed according to the. general formulas (34) to. (36) by the use of ~~ 
appropriate values of y fron Figure .7 and, for the aucaderd Venturi types Of @ 
from Figure. €, or similar. sources, . 3 ae eae 


Chart. for Determining Shock Factors for Symmetrical Area Changes.~ A 
graphic chart for the rapid determination of shock faotors for the multitude of 


conditions of symmetrical contraction and expansion of the air stream that may 
be encountered in practice, is presented in Figure 12... It has four sections,: 
marked A, B, C, and D, corresponding to the four sossitie ateps in somputett One) 
all of which may or may not be. al noe & particular acaaeuir : 


In A, the intersection of the proper vias of Z with the curve for rh, 
determines the value of c from (38).. In B, the intersection of the value ‘of c 
with tke curve for Ng determines the value of Xg from-(35).. Corresponding values 
of Xg and Xg are directly related to or through the velocity pressure~area ratio 
Reena eors te = 49 and X, = “o; so in C wae intersection of the proper: value of 

N N 
a9 with the line for No determines the value. of a and,. similarly, its inter- 
section with the line for Neo determines: the value of. Repel In D, the intersection 
of the proper, value of Xo,. oe or X, for. abrupt. expansion with the line for the 
factor, y (from fig, 7) for the. condition of gradual expansion, determines the 
corresponding value of Xd, Xt, or Xi for gradual expansion... This section is not 
required, of course, for conditions of abrupt expansion; nor is section A re-. 
quired for conditions of abrupt expansion only, without preceding contraction, 
since we know that c= 1. In. the latter case, Xg3 =Xo, and Xo forc = 1 is 
easily determined es the mayeneeys of the oe curve eee page a scale in 
section B, . oe ae | 


7 continuous method of solving examples by. the use of this chart is indi 
cated on the chart by the solution of a, particular example traced with arrows 
to show the directions of procedure, The example. represents. @ condition of: . 
gradual expansion following abrupt contraction, with Z=_2.5, Ne =.0.25, 

No = 0.35, and y = 0.3. ‘The solution shows that the shock factor corresponding 
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to the area after expansion, X,, is 3.5, and that corresponding to the area 
before contraction, X,, is 6.9, Ordinarily we would not be interested in a 
but it could.also be determined througn section D if ‘desired, The inter- 
mediate values of c, X), A enene aa are snown to ve 0,645, oo 11.8, and 
235.1, RenDeCheliena = - | 7 


Qo? 


Shock eteus ae ‘line airvay snlurgem sues. 
Constrictionus end Ubstructions 

| Obstructions in mine airvoys, wuether along the walls as in the more norré 

type of contraction, or out in the sir stream, as in the case of a mine car or 
case, form more or less abrupt contractions and expansions in the air stream ar 
thus cause shock losses of the type under discussion. Some are symmetrical 
while otuers are not; contraction may occur on but one or more sides of — 
rectanzular openings, or only along the edzes of obstructions in the airve;’; 
and an otstruction. may be moving relative to the air flow and in tne same or 
Opposite direction. The few data that have been presented on symmetrical con- 
tractions and expansions, mainly on the few types involved in air measurement 
by pressure methods, do not begin to cover the field of shock losses in mine 
@irways. due to these causes and-can serve only es a basis for very rovgh 
approximations until more data are obtained on the effect of unsymmetricel con- 
ditions of area changes on coefficients of contraction and snocx loss. 


Local Enlearzgemerts of #rea and Dead Ends.- In mine airways there ere meny 
local enlargements of limited length in tne area of the airway, and the change 
in area may be gradual or abrupt. Tests of a number of sucn conditions, such 
as shelter holes and breakthrough openings off coal-mine entries, dead-end 
stations off vertical metal-iine shafts, local widenings at «side tracics in 
metal-mine drifts, and local. increases in height in coal-mine entries at 
abandoned overcast locations, show thai tne increase over tne normal for sec- 
tions of. airways containing such features is negligible. Such local enlarge- 
ments usually occur on but one side of the airway and the abrupt unsyimetrical 
area changes are usually confined to dead ends of limited length in the 
direction of flow which the m&in current does not enter to any extent on 
account of its low angle of expansion, an eddy current will usually be found 
to be rotating in suck dead ends, but the accoupanying shock loss is negligible. 
Where the enlarged section is relatively long, the area gradations are usually 
less abrupt and the flow expands into the enlarged area, Shock losses occur 
due to gradual expansion and gradual contraction, but are counteracted by tne 
decreased friction loss occasioned by the lover velocity of flow in the inter- 
mediate section,. with the net result that the change in pressure loss over 
that of an equal length of normal: cross-sectional area is usually neglizible. 
The total pressure loss for sections including such enlargements may therefore 
be taken as equivalent to the friction loss for equal lengths of normal area. 


Doorfremes,— Doorframes at open doors on mine airways are a typical form ©: 
abrupt nonsymmetrical contraction, with contraction and expansion on but three 
sides Df an off-center rectangle. Using the foruulas for shock loss for 
symmetrical. expansion as an anvrozimation, computed Z values for two doors 
with square-timber frames, from Butte tests reported in Bulletin 261, pages 
64-65, are 1, 5¢ and 1.36. Since the exact edge conditions were not noted ané 


190 ° a ~ 30 - 


Google 


the values of N, and Ng:were somewhat indeterminate on account of very variablé 
areas adjacent to the doors, these values are not considered very reliable. | 
That the figures are lower than the standard of 2.5 for a square edge is no 
doubt partly due to gradual contraction on one side caused by the open door 
and partly to special edge conditions, which apparently more than offset the 
increase in shock losses between symmetrical and 3-sided expansion. JUntil 
better-substantiated methods are available, it is recommended that the formlas 
for symmetrical expansion be used with Z = 2.5 for a square-timber frame only, 
and Z = 2.0 for the same frame with the door open. 


Regulators.- A common device used in the distribution of air currents in 
mines is a small opening in a stopping with the size regulated, usually by 
means of a sliding shutter, to cause a certain increased pressure loss on one 
flow circuit in order to improve the flow on other circuits. It is simply a 
device for causing a desired loss of pressure, and amounts to installing a 
square-edged orifice (fig, 11-D) in the airway, A value of 2.5 for Z is 
probably sufficiently high for a symmetrically placed regulator opening, but 
the value of Z that shoulda be used for different degrees of unsymmetrical 
placing, particularly where the regulator is placed in a stopping that is 
parallel to the main flow, as at a split or junction, is entirely unknowm 
at present. | 


Lagging across Mine airways.- The bureau's Butte test work gives values 
(Bull. 261, p. 54) of velocity voressure losses for iezging laid across the 
center of vertical shaft compartments, from wich a Z factor of 5.2 has been 
computed, as for synmetrical expansion as before, for this type of contraction 
as c&used by an obstruction to the air flow. For a center post of roughly 
squared timber in a coal-mine entry, the bursau's Z:perimental mine test work 
(Bull. 285, p. 51) gives data from which a Z value of 5.3 has. been computed, 
which is in substantial agreement with the value for lagging, In:-contraction 
caused by obstructions of this type, contraction takes place only. along the 
perimeter of the obstruction and not alcag the walls, and the. high values of 
Z indicate that the degree of contraction, or the aecrease in area. from the 
edge to the "vena contracta," is much larger than Ox contraction across the 
whole perimeter at the contracted area. This effect. is. entirely rational, 
since we know that a greater width of the air flow is deflected for the same 
value of N,, or ratio of contraction in area of the airway, For similar 
narrow obstructions, not centered either horizontally or vertically in the 
air stream, the values of Z would probably be less, since the velocities of 
flow are always a maximum at or near the center of the airway. 


Mine Cars.- A mine car, or trip of cars, is a similar type of contraction. 
of the air stream, but in this case the obstruction is so long that three 
pressure losses are involved. First,. there is abript contraction, similar to 
the preceding case, except that the expansion following contraction takes place 
in the constricted area, somewhat similar to Figure 11-C, which is the same. 
approximately as that of the orifice. Second, there is the increase in fric- 
tion pressure loss due to flow for a certain length of airway in tne constricted 
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section rather than in the full area of airway. and third, tnere is «brupt 
expansion from the: constricted area to the areas area of the LOL & somerhat 
similar to Figure: 1i-a. - | 


(aieuetion of the ieeeate Reset nena nine best! data for pressure 
losses due to mine cars in coal-mine entry (Bull.°285,-pp. 52466), which are 
c.afirmed by a few tests in Butte métal mines, reported in Bulletin 261, page 
1’5, gives a Z value, derived from the formu.ses for symmetrical area chan.ies, 
fyr the front of a car (or cage) of about 5:35, which is quite similar to 
tuose calculated for lagging and center post, altnougn an approximate ‘value 
oi 5 for all siuilar conditions is probably es close ag the accuracy of the 
test data and the uncertainty of the method of commutation justifies at 
present. This indicates that the Z values for obstructions ary about twice 
tiose for wall contraction for similar edge conditions, The shock factors 
for obstructions éiven in Table 1 are besed on this ‘entative assumption. 


The increesed friction loss Bie to increesed yorecities throucn the con— 
stricted ares is rarely large enwugh to justity ares calculations and for 
ordinary purpvses can be taken as equivalent to. 2S tines the normal loss 


for the same length of unobstructed airway, where” ft is the ratio of constricted 
area to normal area, The actual ratio of losses devends on the relative 

shapes of airway and obstruction and can, of course. be calculated exactly for 
the particular conditions. The expression given. serv3s for computing the loss 
with an accuréecy within avout 5 per cent for averaze coal and metal imine air- 
way conaitions and is thus sufficiently. precise,:. = 2 a 


Snuielding iffect of Obstructions,- The. bureau's experimental mine tests: 
on cars also bring out an effect of closely-spaced obstructions to flow wnich 
is commonly referred to as the "shielding effect," ihen the obstructions to 
flow are so closely spaced. that the flow: does not. have a sufficient distance. 
dowmstream in which to expend - fully before encountering enotoer oostruction,: 
the expansion is.not carried out to the fullest extent possible and tne shock 
loss is tuereby ‘diminished to that corresponding to @ higher value of Ne, than 
the actual areas “would indicete, Tests on coal-mine cars in a coal-mine entry | 
(Ball. ° 285, PP. 68-59) shoved that the cars had to be spaced about 30 feet 
center’'to center (about 25 feet clear distance between cars) before the 
pressure loss due to a group of cars was equivalent to that for one car mlti- 
plied by the number of cars.. With the cars in a closely-coupled train, the: - 
normal ° ‘condition, there is put one ‘front shock loss and one rear shock lees, 
and the intermediate cars contribute only the ‘increased friction loss in, the 
constricted airway proportional to the total dengrb they occupy ome: to- 
gether. | . , bes ae oe eS | | 

Moving | Obstructions.— Although no test data avupear to. ‘be Seis for 
cars, skips, end cages in motion, it is entirely possible that the pressure: 
losses can’ be ‘calculated. approximately from the data on hand, . ‘provided tit 
effective velocities - velocity of air movement. plus or. minus hae veloes yy a. 

of movement of the obstruction = are used instead of ectual velocities in. 
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comuting the shock and friction losses involved. Eowever, & body in isove- 
ment in an airway acts like a loose piston and generates pressure Which iny, 
or may not, be opposed to the normal direction of movement of tie eir current. 
Data on such pressure jseneration are undoubtedly available from eeronautical 
research, ovt no method of applying then to airway conditions hrs been 
Geveloped, to the author's knowled:e. | 


Large volume circulavions are often temporarily reversed by rapia move- 
nent of skips and caj-es in suafts and treins of cers on horizontal airways, 
there the moving object mazes a rather close fit with the airway or where the 
vressure inducing the circuletion is small; as in netural-craft ventilation. 
In an onen-timbered shaft tke movement of sxips or cages operatin; in balance 
has but a minor effect on the air flox, since onvosiny; pressures fre fenuerated 
end.toere is always plenty; of clearance for the air flow in adjoining compart- 
wents, Where the air flow is in senarately lined compariuients with small 
Clearance, tae piston effect is lar,;,e but is usually limited considerably by 
tle provision of openings between commertments et frenue:t intervals. as a 
rule, these are provided to facilitate siaft repairs but serve the furt:er 
purnose ox limiting the piston effect of case and skip travel ind thus reduce 
interference with the normal distribution. 


Calculations based on observations of air velocities and trafic cornts 
ty bureau engineers in 1924 in the parallel Liverty vehiculzr tumels in 
Fittusburga, vefore the installation of mechanical ventilation and witi venti- 
lation entirely by natural draft and car-generated pressures, shoy net pressures 
generated per automobile of 0.005 to 0.02 inch of water cer car for car sveeds 
averazing about 30 to 35 miles per hour (2,640 to 3,0€0 feet per minute) and 
with an average cross section of car estimated to ve about 23 square feet in 
tunnels of 468 square feet sectional area, The lower net pressures ver car ob- 
tained at the higher velocities of flot, wnick ranged up to 1,000 feet ver 
minute in the direction of car travel, and the higher pressures per car ob- 
tained with the lorer velocities, As the velocity of flow increased, the 
cCifference in velocities betveen car travel and air travel cecreased and tiere 
was also wore suielding effect of one car on a closely following car, thus Ge- 
creasing the net pressure generated per car. & consicerabie amount of test 
work will apperently ve reqnirec before we will be able to gage even avovroxi- 
mately tne effects of movin;; obstructions ii: airways. 


Suock Losses at Splits and Junctions 


Where part of the air current leoves or enters the main current, we yave 
splits or junctions which involve shock losses due to both changes in direction 
and area changes, Tue few test data available indicate that, for svlits or 
leaving currents, the losses are comparatle to vend losses except tiet the 
velocity pressure of the partial current, or current in the split, should be 
used, likhere air currents enter tase main stream, however, bvotu reasoning and 
test data indicate that the norme] deflection stock losses for tiie entering 
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stream are increased by its interference with the air stream of the main 
current. Exact quantitative dita are lacking, but since tue effects are 
xnown to te of considerable, ma;nitude, it seeas prudext to use X factors 
for aormai conditions, based on the velocity pressure of the entering 
stream, wltiplied by at leest aaa or an ari erence of 50 per cent. 


It is evident taat tne. shock losses at snlits ard junctions are larzel; 
determined by the proportional divisions of tiie total quantity of flow, 
woich are depencent on the total of both friction and shock losses in tie 
brancn circuits as well as the shock losses at entrance and departure in 
each, Problems of distribution are therefore difficult. Approximate soli- 
tions require a@ reesonably close estimate of the proportional divisions of 
the flov, and accurate solutions ere only arrived at through a process of 
trial and error. : . 


Practically all splits and junctions in mine airways present the types 
of irregular conditions, such as nomuniform areas at bends and unsymmetrical 
area changes, for rkich we have no strictly rational methocs of- computation: 
and vile we may heve a few directly-determinead shock factors for special 
combinations, we vill be practically without data for these important ty pec 
of pressure losses in mine airways until rational methods of computation 
have been developed. 7 : , 
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SHOCK FACTORS FOR AREA PRECEEDING CONTRACTION 


Xq (USE N,), AND FOR AREA FOLLOWING EXPANSION X-(USE N, 
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Figure 12.- Chart for determining shock factors, or shock pressure losses in terms of equivalent velocity pressures, for 


symmetrical changes in area of airways 


